A method has been developed for quantitation of a selection of halogenated flame retardants in human milk. The method has been validated for seven polybrominated diphenyl ethers (PBDEs), BDE-28, BDE-47, BDE-99, BDE-100, BDE-153, BDE-154, and BDE-183, and the halogenated phenols 2,4,6-tribromophenol (TriBP), pentabromophenol (PeBP), tetrachlorobisphenoI-A (TCBP-A), and tetrabromobisphenoI-A (TBBP-A). The sample preparation includes solid-phase extraction using an Nvinylpyrrolidone-divinylbenzene copolymer with on-column lipid decomposition followed by additional cleanup on sulfuric acid-silica columns and methylation of the phenolic compounds. Separation and detection were performed by gas chromatography-electron capture mass spectrometry, using a 5% pheny195% dimethylpolysUoxane column. The method has been validated in the range of 1.8-180 pg/g milk for most of the halogenated flame retardants. The average absolute recoveries were from 49 to 83%, and the average recoveries with respect to internal standards were in the range of 53 to 121%. Estimated limits of detection were in the range of 0.3 to 1.0 pg/g milk using a sample size of 5 g for all compounds, except TCBP-A, for which the limit of detection was estimated to 6.7 pg/g milk.
Introduction
Flame retardants constitute a diverse group of compounds used to prevent fire or minimize the extent of a fire. Worldwide, the total production of flame retardants was estimated at 600,000 tons in 1992 (1) . In 1999, 45% of the worldwide flame retardant market was halogenated flame retardants (2) , the most important being polybrominated diphenyl ethers (PBDEs) and tetrabromobisphenol-A (TBBP-A). 2,4,6-Tribromophenol (TriBP), pentabromophenol (PeBP), and tetrachlorobisphenol-A (TCBP-A) (3) are also used ( Figure 1 ). These flame retardants are mainly used in printed circuit boards, television, and computer housings and * Author to whom correspondence should be addressed. E-mail: cathrine.thomsen@folkehelsa.no.
other electronic household equipment, automotive parts, and construction materials (1-3) and might be released into the environment during production, use, and disposal of the flame retarded products. The environmental distribution of PBDEs and TBBP-A has recently been reviewed (4--7) .
Several of the halogenated flame retardants are highly lipophilic and persistent compounds (3, 8) and may accumulate in the food web. Exposure of the general population to flame retardants may occur through inhalation of contaminated air or through the diet, especially from the consumption of fatty fish (4) . Once taken up in the body, the persistent compounds sequester in fatty tissue and equilibrate at similar levels on a fatweight basis in blood and milk. PBDEs have been found in human blood (9) (10) (11) (12) , placenta (13) , and adipose tissue (14) (15) (16) , and TBBP-A and TriBP have been determined in blood samples (9, 17) . In human milk, concentrations of PBDEs at the picogram to low nanogram per gram lipid weight (lw) level have been reported (13, (18) (19) (20) . In milk from Swedish women, the concentrations of PBDEs have been shown to increase exponentially, at a rate corresponding to a doubling of the concentrations every five years in the period between 1972 and 1997 (18, 21) .
The toxicity of PBDEs and TBBP-A has been reviewed (3) (4) (5) (6) (7) (8) . The acute toxicity is low; however, TBBP-A and the hydroxylated metabolites of PBDEs have been shown to interfere with the thyroid hormone system (22, 23) . In addition, PBDE congeners have been found to act as Ah receptor antagonists and some also as agonists (24) . The congeners BDE-47 and BDE-99 have induced behavioral disturbances in mice, possibly linked to neurotoxicological effects (25) .
Because milk sampling is a non-invasive procedure, analysis of mother's milk is a convenient way of estimating body burdens of these compounds in the mother, fetus, infant, and child. In previously published assays of PBDEs in human milk, the compounds have been extracted from the milk samples by liquid-liquid partitioning (13, 19, 20) and liquid-gel partitioning (18) . Additional cleanup has been achieved by chromatography on silica gel, alumina, activated carbon, sulfuric acid-silica gel, or magnesium silicate (13, (18) (19) (20) , sometimes along with gel permeation chromatography (18) . The final determination of the PBDEs in the milk extracts has been performed using capillary gas chromatography (GC) with electron capture detection (20) or highresolution mass spectrometry (HRMS) in electron ionization mode (13, 18, 19) . GC-low-resolution mass spectrometry (LRMS) coupled to electron capture mass spectrometry (ECMS) has been used for determination of PBDEs in extracts of human plasma (10, 12, 26, 27) and fish (28, 29) . In a recent study, GC-HRMS and GC-ECMS were found equally well suited for the determination of the halogenated flame retardants in human plasma, serum, and milk (30) .
The objective of this study was to develop a fast, simple, and reliable method for determination of halogenated phenolic and diphenyl ether flame retardants in human milk. A method based on solid-phase extraction (SPE) with on-column lipid decomposition, developed for determination of these compounds in human plasma and serum (26, 27) , has been modified for extraction and cleanup of human milk samples. Sulfuric acid-silica columns has been used for additional cleanup of the sample extracts and separation and detection has been performed by GC-ECMS. All solvents were of pesticide grade and were purchased from LabScan (Dublin, Ireland). Water was purified with an Elga Option 4 Water Purifier (Elga, Bucks, UK). Sulfuric acid, formic acid, sodium oxalate, and sodium acetate-trihydrate of analytical grade, water-free sodium sulfate for organic trace analysis, and silica gel 60 were all purchased from Merck (Darmstadt, Germany). Diazald | (N-methyl-N-nitroso-p-toluenesulfonamide) was obtained from Aldrich.
Experimental

Materials and reagents
Glassware was washed in 2.5% RBS 25 detergent (Chemical Products, Brussels, Belgium) and subsequently rinsed with distilled water. All glassware except volumetric equipment was finally heated at 450 ~ for 4 h.
SPE columns and equipment
Oasis TM HLB SPE columns (500 mg, 6 mL) were purchased from Waters Corp. (Milford, MA). For preliminary method development, Isolute ENV+ SPE columns (200 and 500 mg, 6 mL), acquired from International Sorbent Technology (Mid Glamorgan, UK), were used. The extraction was performed on a 12-port Visiprep SPE Vacuum Manifold (Supelco, Bellefonte, PA) with disposable liner flow control valves.
Samples
For method validation, unprocessed cow's milk drawn directly from a milk transport vehicle into a glass bottle was used. Homogenization was achieved by sonication using an Ultrasonic Homogenizer 4710 series (Cole-Parmer Instrument Co., Vernon Hills, IL) for 2 min. The milk was further divided into smaller subsamples and stored at -18~ until analysis. For investigation of the intermediate precision, human milk was obtained from two different county hospitals in Norway, and milk from about 20 mothers was pooled. Aliquots of purified water containing 0.9% sodium chloride were used as procedural blanks.
Preparation of standard solutions
Stock solutions and further dilutions were made volumetrically in ethyl acetate. Mixtures of all the analytes were made at six levels in the concentration range 0. 
Preparation of calibration standards in milk extracts
Because of a pronounced matrix effect on the response, calibration standards were prepared in milk extracts. After extraction, additional cleanup, and concentration of non-spiked cow's milk (5.0 g), 30 I~L standard solution and 30 IJL internal standard solution were added to the extracts, which were further concentrated and finally derivatized as described here.
Instrumentation
The chromatographic separation was performed on an HP 6890 GC equipped with an HP 7683 automatic liquid sampler (HewlettPackard, Avondale, PA). The system was operated by the HP ChemStation B 02.05 software. The column, a CP-Sil 8 CB low bleed/MS fused-silica capillary column (30 m x 0.25-mm i.d., 0.25-1am film thickness, Chrompak, Middelburg, The Netherlands), was connected to the injector with a 1.5-m x 0.32-mm i.d. deactivated retention gap (J&W Scientific, Folsom, CA). Samples of 2 ]JL were injected at a temperature of 250~ in pulsed splitless mode with a pulse pressure of 1.72 bar for 1.5 min. Helium (99.998%, Aga, Oslo, Norway) was used as carrier gas, and the flow was held constant at 1.2 mL/min. The initial column temperature of 90~ was held for i min. The temperature was further increased by 20~ to 190~ then by 5~ to 230~ l~ to 235~ 3.5~ to 250~ and finally 30~ to 325~ and held for 4 min.
The compounds were detected using an HP 5973 MSD. The MS was operated with chemical ionization in electron capture mode with methane (99.99%, Aga) as a buffer gas. The temperature of the GC-MS interface was 300~ whereas the ion source and quadrupole temperatures were 250 and 106~ respectively. An electron energy of 160.8 eV was used.
Selective detection was obtained by monitoring the resulting bromine ions, m/z 79 and 81, for all compounds except TCBP-A, for which the chlorine ions at m/z 35 and 37 were used. Both ions were used for quantitation purposes, and a tentative confirmation of the compounds was performed by investigating the isotope abundance ratio. Identification of the compounds was based on retention times.
Quantitation
The quantitation was based on peak areas, determined by manual integration using the HP ChemStation software. TriBB was used as the GC-MS quantitation standard when calculating the absolute recovery of the compounds. The accuracy was determined as the recovery with respect to the most suitable internal standard.
Determination of lipid content
The method used for determination of lipid content of the milk samples was a slightly modified procedure based on a method originally described by Samuel (31) . Briefly, 5.0 g of homogenized milk was weighed into a large glass tube with a glass stopper. The sample was added 2.5 mL 0.15M sodium oxalate solution and 5 mL methanol, and the lipids were extracted using 5 mL of diethyl ether and 5 mL of n-heptane. The sample tube was carefully shaken and vented between additions of solvents. Emulsions between the two phases were disrupted by application of small amounts of methanol. The upper organic layer was transferred to a beaker that had been heated to 110~ for i h and then left to cool for I h in a desiccator prior to weighing. The extraction was repeated three times, adding 1.5 mL each of diethyl ether and n-heptane. The organic phase was transferred to the same beaker between extractions. After the final extraction and transfer, the solvents were evaporated by placing the beaker on a heated surface at 50~ under a nitrogen atmosphere (99.999%, Aga). To remove the last traces of solvent in the concentrated organic phase, the beaker was heated for 1 h at 110~ and subsequently allowed to cool for I h in a desiccator. Finally, the beaker was weighed. The lipid content of the cow's milk was found to be 3.88% and the relative standard deviation (RSD) of the procedure was 0.9% (n = 4).
Sample preparation
Homogenization and dilution
Frozen milk samples were thawed overnight in a refrigerator at 4~ and brought to ambient temperature. To ensure that representative subsamples were obtained, the samples were sonicated as described. Aliquots of 5.0 g were weighed into glass bottles and spiked with 30 pL of the internal standard solution. In the method validation experiment, 30 IJL of standard solution was also added. Non-spiked samples were added 60 IJL of ethyl acetate to give as similar conditions as possible. The samples were left to equilibrate overnight in the refrigerator.
After bringing the samples to ambient temperature, 5.0 mL formic acid/2-propanol (4:1, v/v) was added, and the samples were sonicated for 5 min in an ultrasonic bath (Transsonic 460, Elma, Singen, Germany). The samples were left at room temperature for 50 rain and subsequently diluted with 5.0 mL 2-propanol/water (1:1, v/v). After another 5 min of sonication, the samples were subjected to SPE.
SPE
The extraction procedure is outlined in Table I . To eliminate impurities in the column material, the columns were prewashed with the eluent prior to conditioning with methanol and water. When the entire sample had been applied to the column, the sample bottles were rinsed with 5 mL water/methanol (4:1, v/v) to remove residual milk. This solution was also added to the columns. The objective of the first drying step was to remove the bulk of water from the columns before application of concentrated sulfuric acid. The columns were dried under a nitrogen atmosphere using suction. During the drying process, three drops of methanol/water (9:1, v/v) were applied to the columns to facilitate the drying process.
After decomposing the adsorbed lipids with sulfuric acid, the columns were washed with water and a buffer solution to remove residual acid. To remove other adsorbed interferences, the columns were further washed with two different mixtures of water and methanol with increasing methanol content. A final drying step was performed, adding drops of methanol/water (9:1, v/v) as described on several occasions during the drying process. Complete drying of the columns was necessary to make the pores of the packing material fully accessible to the eluent and to avoid water in the eluates.
Additional cleanup
Prior to the additional cleanup step, the eluates from the SPE columns were gently evaporated to dryness at 50~ under a stream of nitrogen. The residues were redissolved in 3.5 mL nheptane/dichloromethane (18:7, v/v), and the extracts were subsequently subjected to the cleanup procedure.
Preparation of columns. Silica rinsed with methanol and dichloromethane was activated at 130~ overnight, and sodium sulfate was dried at 600~ overnight.
The columns were packed in long Pasteurpipettes, which had previously been heated to 450~ for 4 h. To hold the packing material, some glass wool (DMCS-treated, Alltech Associates, Inc., Deerfield, IL) was put into the tapered end of the pipettes. Activated silica gel (4.5 g) was shaken with 1.5 mL concentrated sulfuric acid until a homogenous mixture was obtained. The sulfuric acid-silica gel was filled into the pipettes, creating a layer about 3 cm in height. Approximately 1.5 cm of sodium sulfate was added on top.
Procedure. Approximately 10 mL of n-heptane was rapidly pushed through the sulfuric acid-silica column to remove air bubbles. The redissolved extract was applied and the eluate immediately collected in a glass tube. The initial tube was washed with another 3.5 mL n-heptane/dichloromethane (18:7, v/v), which was applied when the main extract were eluted from the column.
Derivatization
The phenolic compounds were derivatized by methylation of the hydroxyl group using 50 IJL diazomethane, synthesized by base-catalyzed decomposition of N-methyl-N-nitroso-p-toluenesulfonamide (32) . The eluates from the cleanup procedure were concentrated at 50~ under a gentle stream of nitrogen to a 2 2' 3'
.@_o_@, volume of about 30 IJL. When calibration standards in milk extracts were prepared, 30 pL of standard solution and 30 pL of internal standard solution were added, and the solution was further concentrated to about 30 pL. Subsequently, diazomethane solution was added and the derivatization proceeded as described previously (26) . Finally, the extracts were added to a GC-MS quantitation standard solution of TriBB (15 pL) and stored at -18~ until analysis.
Method validation
The presented method was validated according to guidelines from the International Conference on Harmonisation (ICH) (33) . Fifteen milk samples were spiked at six different levels, ranging from 1.8 to 180 pg halogenated flame retardant/gram milk, except for TriBP (0.65-65 pg/g milk), PeBP (2.5-250 pg/g milk), and TCBP-A (3.6-360 pg/g milk). The number of sample replicates at each level alternated between one and four, starting with four replicates at the lowest concentration level. Four non-spiked milk samples were also extracted. Of those, three were added internal standard solution just before derivatization to represent zero concentration level in Flow the calibration curves. The fourth was used to (mL/min) verify that the cow's milk was free of the internal standards. Additionally, a procedural blank was 2 extracted and analyzed. The samples were ran-2 domly extracted in three batches during six days. 
Results and Discussion
During the preliminary method development, Isolute ENV+ SPE columns (200 rag) were used for extraction. These columns had given satisfying recovery when extracting the halogenated flame retardants from human plasma and serum (26, 27) . Because of the higher lipid content in milk compared to plasma or serum, a higher column capacity was necessary and columns with 500 mg packing material were found appropriate. Using these columns, the absolute recoveries of the PBDEs from spiked milk samples were in the range of 55 to 88%, but the recoveries of TCBP-A and TBBP-A were low, 17 and 40%, respectively. CIriBBP-A 14 81 9.4 * The recoveries were calculated via the GC-MS quantitation standard TriBB and were corrected for native amounts of flame retardants in the cow's milk by incorporating the point (0,blank) in the calibration curves. ~" The accuracies were determined as recoveries with respect to internal standards, and were corrected for native concentrations of the compounds in the cow's milk by utilizing corrected peak areas for all calibration standards and validation samples. * Level Vl was outside the calibration range for all compounds. w One sample at level I was determined as an outlier by Dixon's Q-test and was therefore discarded. # Because of the high native concentration of TriBP in the cow's milk, the two lowest levels (not shown) could not be accurately quantitated. ** Level I was close to the detection limit for TCBP-A. * Corrections for the native concentrations in the cow's milk were made. The slope (a), intercept (b), and correlation coefficient (r) are given. In addition, the number of extraction replicates (n) for the extracted milk samples are shown.. t The results from the three spiked human milk samples, analyzed two months after the validation experiment, have been incorporated. * The two lowest concentration levels were obliterated for extracted milk samples.
(TriBP and PeBP were not determined in these investigations.) A more suitable sorbent was therefore sought, and the Isolute ENV+ columns were compared to Oasis TM HLB columns by assessing the recovery of the halogenated flame retardants. As shown in Figure 2 , the recoveries from the Oasis HLB column were considerably higher than the corresponding recoveries from the ENV+ column, especially for TBBP-A and TCBP-A, and columns of this type were therefore chosen for further studies.
Twelve samples can be prepared in parallel by the analyst within two days, using the presented manual sample preparation method. This is a great improvement with respect to sample preparation time compared to common liquid-liquid extraction methods used for the extraction of human milk, which often take two to three days per sample. Automation of the SPE step should also be possible and will result in even higher sample throughput. In addition, both the consumption of solvents and the samples' contact with different equipment during the preparation are reduced, which minimizes the possibility for sample contamination.
Matrix effect
When analyzing extracted milk samples, a difference in peak area for the compounds was observed between regular solvent standards and standards of the same concentration prepared in milk extracts. This is known as a matrix effect, and it has occasionally been observed by others (27, (34) (35) (36) . The reason for this effect is probably an increased protection of the analytes from adsorption in the injector when matrix residues are present in the extract. As a result, more of the analyte is introduced into the chromatographic system (36) .
Investigation of the matrix effect was performed by comparing the absolute recoveries of one validation sample at level III (Table  II) , calculated both from regular solvent standards and standards in extracted milk samples (Figure 3) .
The results show that the use of regular standards for quantitation of milk samples would lead to an overestimation of the absolute recoveries of the flame retardants. The degree of the discrepancy varied for the different compounds.
Validation
Evaluation of internal standards. A number of internal standards available from the previous work on halogenated flame retardants in human plasma and serum (26, 27) were evaluated. For TriBP and PeBP, TBCr was found to be the most suitable internal standard. CtriBBP-A was used for TCBP-A and TBBP-A~ For the PBDEs, BDE-77 and BB-77 gave similar results; however, BDE-77 was chosen because it belongs to the group of PBDEs. The absolute recoveries of the internal standards are shown in Table II .
Linearity. The regression data for one set of calibration curves from the validation experiment are shown in Table III . The calibration curves were made up of standards at levels I, II, III, and V (Table II) and were made by plotting the area ratio of analyte to internal standard against the corresponding concentration ratio. Each concentration level was injected twice. Evaluation of the linearity of the entire method was performed by plotting the concentration of halogenated flame retardant found in the spiked samples against the concentration added. The concentrations were calculated using internal standards. All the curves were found to be linear within the validated range, except for TriBP (Table III) . The poor linearity observed for TriBP is probably a result of the high native concentration of this compound in the milk samples.
Absolute recovery. The absolute recoveries were calculated using TriBB as the GC-MS quantitation standard, and the results are shown in Table II . As can be seen, the recoveries of the PBDEs were above 65%, with RSDs up to 7.6%, except at the lowest level. In this case, the native concentrations of PBDEs in the cow's milk made a high contribution to the total peak area, and the quantitation was more uncertain. On the other hand, RSDs of 7.0 and 4.1% were obtained at the lowest level for BDE-28 and BDE-183, respectively, compounds that were absent in the cow's milk. Of the phenolic compounds, PeBP had the highest recovery, with an average above 80% and a good precision. TBBP-A had a recovery of about 65%, whereas TriBP and TCBP-A both had low recoveries and high RSDs. In the case of TriBP, the poor precision can be explained by the high native concentration in the cow's milk, making the quantitation uncertain. The concentrations of this compound added at the two lowest levels were too low to give any significant difference in the response compared to the native concentration. For TCBP-A, the response at level I was close to the detection limit; however, a small peak was observed. The calculations concerning TCBP-A are therefore expected to be highly uncertain. The low recovery of TCBP-A can possibly be explained by a loss of this compound during cleanup. The absolute recoveries of the internal standards were in the range of 73 to 81% (Table II) .
Accuracy and precision. The accuracy was determined as recovery with respect to internal standards and the results are shown in Table II . For the PBDEs, the accuracy was between 87 and 124%, obliterating the lowest level, which was subjected to a higher uncertainty. An exception from this was at level IV, in which BDE-28, BDE-154, and BDE-183 showed accuracies between 142 and 157%. The reason for this is unknown. TBBP-A and PeBP gave accuracies between 70 and 84% and 108 and 136%, respectively. Again, the lowest level for each compound has been obliterated. TriBP and TCBP-A both had accuracies between 52 and 64% and 46 and 66%, respectively, not taking into account the lowest level for TCBP-A. Because of these low accuracies, the method should only be considered semiquantitative for these two compounds.
Intermediate precision. Two months after the validation experiment, three samples of human milk were spiked at level III, extracted, and analyzed as described. Between-assay precision was evaluated by the change in the mean accuracies of samples of cow's milk and human milk spiked at level III. For most compounds, the change in accuracy was in the range of-2.6 to 30%, whereas for TCBP-A and TriBP, these values were -32 and 133%, respectively. The reason for the incoherence for
TriBP and TCBP-A could be a difference in matrix effect, thus giving erroneous results when calculating concentrations of these compounds in mother's milk using standards in extracts of cow's milk.
Selectivity and retention stability. Throughout the chromatographic analyses of the validation samples, the compounds' retention time was highly stable, with a maximum variation in retention time of _+ 0.01 min. All compounds were baseline separated, and little interference from matrix constituents was observed. Only the GC-MS quantitation standard, TriBB, was subject to an interfering peak. However, this peak was small compared with the peak of TriBB, and was disregarded. A chromatogram of a cow's milk sample spiked at level I is shown in Figure 4 .
Detection limits. The limits of detection (LODs) in the validation experiment were estimated by extrapolating the concentration that would result in a signal-to-noise ratio (S/N) of 3. For the compounds originally present in the cow's milk, the S/N ratios from the non-spiked sample were used together with the concentrations of the compounds in this sample. For the other compounds, the lowest spiked level was used to measure the S/N ratio. Application Nine samples of human milk have been analyzed according to the described method. The chromatogram of a pooled milk sample from Norwegian mothers sampled in 2001 is shown in Figure 5 . The most abundant PBDE was BDE-47 (1031 pg/g lw), followed by BDE-153 (403 pg/g lw), BDE-99 (277 pg/g lw), and BDE-100 (265 pg/g lw), and TriBP and TBBP-Awere found at concentrations of 627 and 67 pg/g lw, respectively. BDE-28, BDE-154, BDE-183 and PeBP were also identified ( Figure 5 ), however, their concentration was below the estimated LOD. In comparison, the native concentrations in the cow's milk were 200, 20, 141, 26, 96, and 13 pg/g lw for BDE-47, BDE-153, BDE-99, BDE-100, TriBP, and TBBP-A, respectively. The lipid content of the human and cow's milk were 2.6 and 3.9%, respectively. Humans are exposed to flame retardants through food or by inhalation of contaminated air. The presence of the flame retardants in the cow's milk might also be explained as a result of the cows' diet; however, contamination from electric components in the milk transport vehicle and in the machinery used for milking cannot be excluded.
One of the human milk samples was briefly investigated for co-extracted persistent organic pollutants (POPs), and 4, 
Conclusions
The method developed for determination of halogenated flame retardants in human milk is easy to perform and avoids the use of large quantities of solvents. An effective cleanup step ensures a minimum of chromatographic difficulties related to matrix components. The method has been shown to give good accuracy and precision for most of the compounds included. Additionally, low limits of detection have ' been achieved. Co-extraction of other POPs has been shown qualitatively, indicating that the method might be suitable for determination of these compounds as well, probably with only small modifications. This would result in a time-saving multi-method with a broad spectrum of target compounds of environmental concern. In addition, automation of the SPE procedure using robotic systems should be .] ' possible, which will result in even higher sample 
